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Abstract: The Middle Jurassic Tuen Mun Formation, Hong Kong, is a fault-bounded 16
block of rare andesitic and related rocks that preserve a snapshot of the developing 17
southeast China continental arc system during the late Mesozoic. The depositional 18
setting is considered to have been dominated by an emergent andesitic volcanic 19 massif, transitioning into a fluvial-dominated volcanic plain, and then to an offshore 20 marine environment. The youngest (<190 Ma) LA-ICP-MS U-Pb detrital zircon ages 21 obtained from the three packages define a coherent group (n = 399; MSWD = 3.0) 22
suggesting a maximum depositional age of 169.5 ± 0.3 Ma. The dominance of large 23 euhedral and concentrically-zoned zircons reflects a common volcanic provenance. Hf 24 isotope data (εHf(t) = 0 to -11) on the youngest representative zircon grains imply 25 derivation of magmas from dominantly recycled crustal sources. and considerable lateral facies variations, may present challenges for classification 61 and description of lithological assemblages.This is particularly evident where the 62 rocks are largely concealed and have been subjected to post-emplacement 63 deformation, metamorphism and hydrothermal alteration (e.g. White & McPhie 64 1996) . 65
66
In order to decipher the stratigraphy of these geologically diverse successions, make 67 sense of facies transitions, identify the source regions of lithological components and 68 assemblages, and reconstruct the original depositional setting, a multidisciplinary 69 approach involving detailed petrographic, mineralogical, geochronological and 70 geochemical studies, underpinned by meticulous field work, is required. The benefits 71
of such comprehensive study are that even on a relatively small outcrop of rarely 72 exposed rocks, a trove of useful information can be extracted which may have 73
important implications for understanding of the regional tectono-magmatic framework.
74
A case study is presented here of unraveling a particularly complex andesitic 75 succession in an urban setting, which may serve as a representative model that can be 76 applied elsewhere. 77
78
Tuen Mun Formation 79 80
A relatively small outcrop (26 km 2 ) of andesitic and related rocks is preserved in the 81 western New Territories, Hong Kong, underlying the north-trending Tuen Mun valley 82 (Fig. 1) . These rocks constitute a fault-bounded, variably metamorphosed 83 volcanic-related sequence, dominated by lavas and lapilli-bearing ash crystal tuffs in 84 the upper part, and reworked tuffs and epiclastic rocks including marble clast-bearing 85 rocks, in the lower part (Langford et al. 1989; Sewell et al. 2000) . Surface exposures 86
are, however, restricted to less than half of the outcrop area ( Fig. 1 Carboniferous sedimentary rocks and Early to Middle Jurassic sedimentary rocks are 157 exposed east of exposures of the Tuen Mun Formation in the western northwest New 158
Territories of Hong Kong (Fig. 1 ). These rocks have undergone low grade regional 159 metamorphism (to greenschist facies), and locally have been subjected to dynamic 160 metamorphism along major shear zones (Langford et al. 1989; Tang 2007 deposits. Epiclastic deposits were interpreted to have been generated by normal 207
sedimentary processes, such as fluvial processes or debris flows (Tang 2007) . 208
209
The "vent breccia model" for the origin of marble clast-bearing breccia (Tin Shui Wai 210
Member) in the Tuen Mun Formation proposed by earlier workers (e.g. Darigo 1990; 211
Frost 1992) was later expanded to encompass all lithologies within the lower part of 212 the formation following apparent recognition of in situ diatreme-like palaeo-volcanic 213 plugs in the western and reference drillholes is presented in Figure 1 . Description and location details of 243
analysed samples are given in Table 2 . Summary stratigraphic sections from key 244 reference drillholes are shown in Figure 2 . 245
246
Zircon LA-ICP-MS U-Pb analysis 247 248
Detrital U-Pb zircon analysis was carried out by laser ablation inductively coupled 249 mass spectrometry (LA-ICP-MS) at the London Geochronology Centre based in 250
University College London. Heavy minerals were separated from bulk sediment 251 samples using standard density liquid and magnetic separation procedures. 252
Zircon-enriched extracts were mounted in hard epoxy resin on glass slides and 253 polished for analysis. Polished grain mounts were Cathodoluminescence (CL) imaged 254
to help understand the growth stages of each zircon, enable detection of inherited 255
cores (xenocrysts) and identify metamorphic zircon. Samples were analysed on an 256
Agilent 7700 quadrupole-based inductively coupled plasma mass spectrometer 257
(ICP-MS) coupled to a New Wave Research UP193FX 193 nm excimer laser 258
following the methodology of Jackson et al. (2004) . Typical laser spot sizes of 25 µm 259
were used with a 7-10 Hz repetition rate and a fluence of 2. Detrital zircon age spectra for the seven analysed samples are shown in Figure 3 . 302
The age spectra are almost identical with a dominant population at 169 Ma and minor 303 peaks at 440 Ma, 760 Ma, 920 Ma, 1860 Ma and 2490 Ma. Thus, the detrital zircon 304 ages suggest the rocks of the Tuen Mun Formation have a common provenance which 305 helps to confirm their stratigraphic grouping. The youngest (<190 Ma) coherent age 306 group (399 grains, MSWD = 3.0) from all seven samples converges at 169.5 ± 0.3 Ma. 307
Representative CL images ( Fig. 4 ) reveal that the youngest ages are from euhedral 308 magmatic zircons implying derivation from volcanic terrain of Middle Jurassic age. 309
The over 200 grain ages that define the mean age at 169 Ma may contain a range of 310 magmatic events but it is not possible to discern this owing to overlapping error bars. 311
The With regard to Hf isotopes in zircon, as the age spectra are almost identical ( Fig. 3) , 320
data from a single analysed sample, HK13457a, are considered to be representative of 321
the Tuen Mun Formation as a whole. The negative ɛHf(t) values (0 to -11) for the 322 youngest zircons (< 190 Ma) suggest that the rocks have a dominantly recycled 323 crustal source origin (Fig. 5 Tsuen, respectively, based on compositional and lithofacies assemblages (Table 3) . 334
335
The Tin Shui Wai Member is stratigraphically the oldest unit and occurs almost 336 always as subcrops in drillholes along the eastern margin of the Tuen Mun valley. 337
This unit is conformably overlain by the Siu Hang Tsuen Member, which is mainly 338 exposed along the western foothills of the Tuen Mun valley. The Tuen Mun Andesite 339
Member conformably overlies the Siu Hang Tsuen Member and is exposed mainly in 340 the southern and southwestern parts of the Castle Peak Bay in the south (Fig. 1) . The member was originally described as "an 351
interbedded sequence of volcaniclastic rocks, including tuff-breccia, fine to coarse 352 andesitic tuff and tuffite, tuffaceous siltstone, lapilli tuff and andesitic conglomerate" 353
(Darigo 1990). The type drillhole is here defined as Drillhole TH1 (Fig. 2 ) which is 354 located on the southern outskirts of Tin Shui Wai (Fig. 1) . layers, interbedded with andesitic lapilli-bearing tuffaceous sandstone and siltstone 362 ( Fig. 6a ). These rocks are largely restricted to an elongated zone along the eastern 363 faulted margin of the Tuen Mun Formation (Fig. 1) , which is generally less than 1 364 km-wide in the centre of the valley but narrows to approximately 200 m in the north 365 and south. Rocks adjacent to the eastern boundary fault are strongly dynamically 366 metamorphosed to mylonite and ultramylonite featuring attenuated marble clasts, and 367 making identification of original mineralogy in the matrix impossible. However, 368
westwards from this boundary fault, particularly in the central part of the valley, 369
drillholes have recorded less deformed sequences which reveal that the matrix to these 370 breccia-conglomerate layers is tuffaceous with euhedral andesine phenocrysts and 371 titanomagnetite ( Fig. 8a) . 372
373
The sections from these less deformed sequences reveal fining upward cycles (1.5-5 m 378 thick) from marble clast-bearing breccia-conglomerate or coarse sandstone to fine 379 siltstone (TH1; Fig. 2 ). The fine siltstone layers also show an abundance of quartz in 380 the matrix and contacts with marble clasts are sharp and show little sign of alteration 381 (Fig. 8b ). Intercalated sandstone layers are commonly calcareous, particularly in the 382 northern part of the Tuen Mun valley. 383
384
Marble clast-bearing layers in which the proportion of angular marble clasts exceeds 385 50%, are classified as marble breccia (Fig. 7c ). Owing to their strongly deformed, 386
clast-supported character, these breccia layers may superficially resemble foliated 387 impure marble. However, when subjected to weathering, the dissolved marble clasts 388
leave behind a skeletal residuum composed dominantly of the residual quartz grains 389 ( Fig. 7c ; inset). 390
391
Subordinate lithofacies. In the central Tuen Mun valley, the monomictic marble 392
clast-bearing units are sometimes intruded by andesite dykes and sills ( Fig. 7a ) and 393
are characterized by the development of monomictic, andesite-breccia peperite. In 394 some drillholes, there is also evidence for mingling of andesitic magma with 395 unconsolidated monomictic marble clast-bearing sediments, leading to considerable 396
hydrothermal alteration and contact metamorphism effects (Fig. 7d The newly proposed Siu Hang Tsuen Member is the name given for dominantly 407 polymictic tuffaceous-epiclastic rocks forming a north-trending outcrop exposed 408 mainly on the western foothills of Tuen Mun valley (Fig. 1) . A significant portion of 409 the member forms a subcrop in the central part of the Tuen Mun valley. The member 410
is named after the location of the type drillhole (BH-3; Fig. 1 ) which is in the central 411
Tuen Mun valley. It has an estimated minimum thickness of 1100 m. The base of the 412 member is gradational and conformable with the underlying Tin Shui Wai Member as 413
shown in several drillholes (e.g. HSK-1; Fig. 1 quartz sandstone, and feldsparphyric rhyolite (Fig. 6d ). The younging direction occurs as an isolated raft in the siltstone a few centimeters below the main contact. 436
The clast-supported, polymictic, breccia-conglomerate is massive for about 3 m 437 before transitioning gradually to matrix-supported breccia-conglomerate with layers 438 of coarse sandstone containing isolated clasts becoming more common. 439
Matrix-supported breccia-conglomerate (over 2.5 m thick) fines upward to 440 dominantly coarse sandstone with isolated clasts. The coarse sandstone is then 441 overlain sharply, but conformably, by black siltstone, with some siltstone 442
intermingling with the top of the coarse sandstone unit. The black siltstone is up to 4 443 m thick and is overlain by another cyclic unit of clast-supported, polymictic, 444 breccia-conglomerate, sandstone and siltstone. In the northern Tuen Mun valley (e.g. 445 BGS15; Fig. 2) , polymictic breccia-conglomerate is interbedded with massive to 446 normally graded, well sorted, coarse to fine quartz sandstone and siltstone. Exposures 447 of polymictic conglomerate with intercalated laminated sandstone and siltstone in the 448 western central Tuen Mun valley display load structures ( Fig. 6a ) and weakly 449 developed cross-bedding ( Fig. 6b) . lithofacies is associated with intrusion of andesitic dykes and sills. Drillholes (e.g. Fig.  454 7e) reveal evidence for magma injection into wet semi-consolidated sediment, causing 455
intensive brecciation accompanied by development of reaction rims around marble 456 clasts, set within a hydrothermally altered matrix ( Fig. 7e; inset) . Field exposures of 457 this lithofacies (Fig. 6c) show evidence for injection of fluidal andesite magma into 458 unconsolidated breccia-conglomerate as revealed by billowed chilled margins and 459
baking of the surrounding sediment. Entrained patches of breccia-conglomerate 460
within the intruding magma ( Fig. 6c) The modified Tuen Mun Andesite Member is the name given for the andesite lava, Some zones of complete andesite lava brecciation are also apparent in drillholes ( Fig.  481 7h). Andesitic lapilli-bearing ash-flow crystal tuffs show variable crystal contents (Fig. 482 8f) and frequently host block and lapilli-sized andesite lava fragments (Fig. 6f) . our study is considered more representative and reliable. This new age is based on an 502 average of 117 dated detrital zircon grains from seven analysed samples collected 503 from a range of lithologies over the entire outcrop area (Fig. 1 ). The euhedral shape 504
and abundant large, fresh zircons ( Fig. 4) (2012) (Fig. 9) , the youngest 30% of zircons have less than 100 Ma CA-DA 526
suggesting that the Tuen Mun Formation zircons have been deposited in a convergent 527 margin forearc setting. 528
529
Previous models have suggested that the sandstone and marble clasts within the 530 formation originated from late Palaeozoic (San Tin Group) basement lithologies 531 entrained within andesite volcano edifices ("vent breccia model") (Lai & Chan 2012). 532
It has been proposed (Li et al. 2014) that the compositional variation from 533
intermediate to silicic compositions observed in whole-rock geochemistry is due in 534 part to processes of combined assimilation and fractional crystallization (AFC) of 535 these xenolithic materials. However, the detrital zircon age spectra obtained in our 536 study demonstrates that there is virtually no zircon contamination from the late 537
Palaeozoic rocks which typically have population peaks at 440 Ma, 800-1000 Ma and 538
2500 Ma (Sewell et al. 2016; Fig. 3 ). Although the detrital zircon age spectra for the 539
Tuen Mun Formation lithologies show slightly closer affinity to adjacent Early to 540
Middle Jurassic sandstones (e.g. 1860 Ma peak; Sewell et al. 2016), there are also 541 major differences, such as the absence of a 236 Ma peak which is ubiquitous among 542
Early to Middle Jurassic sedimentary rocks. Differences among these age spectra are 543 emphasized on a multidimensional scaling (MDS) map that displays 544
Kolomogorov-Smirnov distances (Vermeesch 2013) in visual form (Fig. 10) . The map 545
confirms that the Tuen Mun Formation detrital zircon age spectra are distinct from 546 adjacent groups of rocks. Likewise, the Hf isotope data from the Tuen Mun Formation 547
show marked dissimilarities with data from adjacent Carboniferous and Early to 548
Middle Jurassic rocks (Fig. 5 zircon ages observed in the Tuen Mun Formation (Fig. 3) . Importantly, no inherited 559 grains of magmatic (169.5 ± 0.3 Ma) zircons from the Tuen Mun Formation have 560 been identified in these nearby volcanic and plutonic rocks. From these observations, 561
we infer there has been no recycling of the Evidence for mylonitisation, particularly along the eastern portion of the Tuen Mun 579
Formation (Tang 2007) , suggests that the formation has been tectonically juxtaposed 580
with adjacent Carboniferous and Early to Middle Jurassic sedimentary rocks. 581
Mylonites are most strongly developed within 1 km of the East Tuen Mun Fault and 582 gradually diminish towards the west (Fig. 1) . Abundant evidence for grading, rounding of clasts, cross-bedding and imbrication 638
suggests that the polymictic conglomerates and breccias of the Siu Hang Tsuen 639
Member are dominantly of epiclastic origin. Both terrestrial and subaqueous 640 depositional settings are indicated by the sedimentary structures. Cross-bedding in the 641 polymictic conglomerates implies traction-current deposition, possibly in a high 642 energy, fluvial or shoreline environment. Widespread cyclical normal grading units 643 observed in many drillholes within the Siu Hang Tsuen Member is consistent with 644 deposition from subaqueous mass movements (e.g. debris flows). Fluidal peperite 645 reflects injection of andesitic magma into wet, semi-consolidated sediments, probably 646 below wave base or in a fluvial (e.g. floodplain) environment. 647
648
Andesite lava flows separated by autobreccia, which are exposed in the lower Tuen 649
Mun valley, indicate a dominantly subaerial depositional setting. Generally, these 650
units are thick and discontinuous implying that they have infilled depressions on the 651 flanks of a volcanic massif. Some zones of complete andesite lava brecciation may 652 represent hyaloclastites, resulting from magma/water interaction (Fig. 6h ), although 653 no pillows have been observed. Andesitic lapilli-bearing ash-flow tuffs also imply 654 dominantly subaerial deposition. However, the appearance of thick, crystal-rich 655
tuffaceous sandstone units suggests that some crystal tuffs may have been redeposited 656
as gravity flows in a subaqueous setting in which the fine ash particle size fraction 657 had been winnowed out (cf. White & McPhie 1997) . Variations in the percentage of 658 crystals observed in some crystal-rich tuffaceous sandstone units also implies 659 reworking of volcanic deposits rather than deposition from primary pyroclastic flows. 660
661
Regional Tectono-magmatic Implications 662 663
Although the geochemical evolution of the Tuen Mun andesites and related rocks is 664 outside the scope of this paper, whole-rock geochemistry (e.g. Sewell & Campbell, 665 1997; Li et al. 2014) has previously revealed that these rocks possess a 666 subduction-related signature. In this context, the Hf isotope data from the youngest 667 zircons in this study yield important clues with respect to the crustal source region. 668
The Based on the available data, we propose that the Tuen Mun Formation represents a 706 complex volcanic arc-related basin featuring a sequence dominated by an emergent 707 andesitic volcano massif in the south, transitioning northward into a fluvial-dominated 708 volcanic plain, and then to an offshore submarine environment (Fig. 11 ). The 709 proximal facies is represented by the Tuen Mun Andesite Member and associated 710 lithologies now exposed in the southern part of the Tuen Mun valley. These preserve 711 the most primary magmatic characteristics of the formation. Li, Z.X., Li, X.H., Wartho, J., Clark, C., Li, W.X., Zhang, C.L., & Bao, C. 2010. 912 Massive units, several metres thick. Figure 7F Pyroclastic flow and fall Subaerial stratovolcano
Andesite Lava
Autobreccia Irregular, some basal to andesite lava flows, some possible hyaloclastite. Figure 6F Volcanic effusion
Volcanic effusion
Subaerial stratovolcano
Subaerial stratovolcano to shallow subaqueous
Andesite-sandstone peperite Massive units, up to several metres thick. Figure 6E Andesite dyke/sill intrusion into wet, unconsolidated sediments
Shallow subaqueous volcano
Polymictic, conglomerate /sandstone/siltstone with or without marble clasts Massive, to cross-bedded units, several metres thick, interbedded with thinly laminated units. Figures  5A-B Figure 6B Andesite dyke/sill intrusion into wet, unconsolidated sediments Mainly shallow marine, below wave base, volcano
